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Abstract: Data  processing methods  used  to  accurately determine the space charge and electric 
stress  distributions  in  DC power  cables  using  the  pulsed  electroacoustic  (PEA)  system  are 
described. Due to the coaxial geometry and the  thick-walled insulation of  highvoltage cables, 
factors such as divergence, attenuation and dispersion of the propagated acoustic pressure wave in 
the PEA can strongly influence the resultant measurements. These factors are taken into account 
ensuring  accurate  measurements  to  be  made.  Most  importantly,  a  method  is  presented  to 
determine the electric stress profile across the insulation due to both the divergent applied field and 
that as a consequence of  trapped charge in the bulk of the insulating material. Results of space- 
charge measurements and  the corresponding  derived  electric stress distributions  in  XLPE  DC 
cables are presented. 
1  Introduction 
Nowadays  a  considerable  amount  of  transmission  and 
distribution  of  electricity,  especially  in  urban  areas,  is 
carried  out  by  nicans  of  underground  power  cables. 
Growing public awareness of  environment issues and the 
need  to  maintain  a  highly  reliable  system  has  led  to 
polymeric materials progressively rcplacing oil-impregnated 
paper  insulation  in  underground  cables.  Moreover,  with 
large energy pools and separate toad centres, reactive power 
control  is  difficult.  High-vokdge direct-current  (HVDC) 
transmission links with their inherent VAr and fault current 
control capabilities is  an attractive option. This  renewed 
interest in HVDC has led  to many manufacturers  world- 
wide investing in DC polymeric power cable development. 
The electrical properties of  insulating materials, such as 
conduction  and breakdown,  are strongly affected by  the 
presence of  space charge in the hulk of the material. This is 
particularly true when the dielectric is subjected to a DC 
stress. If space charge is formed in  the extruded insulation 
of a polymeric power cable, the electric stress distribution 
may be greatly distorted. This can result in localised electric 
stress enhancement leading to premature failure of the cable 
at stresses well  below  the anticipated  or designed values. 
Prediction by  convrritional riuineiical techniques (e.g. finite 
element) of trapped charge and subsequent stress distribu- 
tions  give  only  limited  information.  Models  of charge 
mobility, transportation and trapping phenomena have also 
been  established  [I]  but  lack  information  on  realistic 
parameters. Therefore there is a need  for a  better under- 
standing of charge formation in polymeric materials under 
high-level  DC  electric stresses  and  in  particular,  in  the 
characteristics of charge formation, such as the magnitude 
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and  type,  its  mobility  and  location  in  the  hulk  of  the 
material. 
In this paper, a modified PEA system that utilises a fat 
electrode  instead  of  the  curved  one  [24]  is  briefly 
introduced.  With  the  use  of  the  flat  electrode,  the 
meaurements  in  power  cables of  various  diameters  are 
allowed while maintaining the same detection sensitivity as 
tlie curved electrode [5]. However, with a thick insulation as 
with  high-voltage  power  cables  the  attenuation  and 
dispersion of  the acoustic wave during propagation through 
the  insulation are no longer negligible. Moreover,  in  the 
coaxial geometry, the divergence of the pulsed electric stress 
across  the  insulation and  the  divergence of the  acoustic 
wave  travelling  across  the  cable  insulation  may  also  be 
significant. A data processing approach was developed to 
take  into  account  these  effects  in  the  original  output 
waveform from  the  PEA  enabling the  true  space charge 
distribution to be found. Emphasis has also been placed on 
quantitative appraisal of the electric stress profile across the 
insulation allowing for both the divergent field due to the 
applied voltage and that due to space charge accumulation 
in  the  insulation.  Results  of the  space charge  and stress 
distribution for a commercial XLPE cable operating under 
DC conditions are also presented. 
2  Measuring system 
2.1  Basic principle of PEA 
The PEA technique was developed in  1981[6] to measure 
the  space charge  profile  in  dielectrics. Siiice then  it  has 
become  one  of  the  most  widely  used  techniques  by 
researchers  from  industry  and  academia.  A  detailed 
description  of  the  principles  of  the  method  is  given 
elsewhere [7l and only a brief overview is given in this paper. 
Consider a plaque sample as shown in Fig. 1 with a space 
charge layer qz, which will produce image charge q, and yi 
on  the electrodes (yI +  y3 =  y2). An extemal voltage pulse 
up(/) is applied produciiig an electric stress e,,(f)  which  will 
introduce a perturbation  force pi,  p2 and pi on each charge 
layer according to Lorentz's law. These forces cause charges 
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to move slightly. resulting in acoustic pressure waves that 
are proportional  to  the charge magitudes. A piezoelectric 
transducer detects the acoustic pressure waves and converts 
them into electrical signals I;.~~,  us> and o.~~.  Measurement of 
the tinie-dependent voltage enables a profile to bc obtained 
which  is  related  to  the  amplitude  of the  spice  charge 
coincident with  tlie propagating acoustic pulse. 
2.2  PEA for cable geometry 
A considerable amount  of work using the PEA technique 
has ken cari-ied out on plaque samples giving invaluable 
information  about  spacc charge formation  and  trapping. 
Measuremcnts on coaxial power cables on the other hand, 
have  received  compi'atively  little  attention  [24, 8-1  I]. 
Without  exception, all studies to date on cable configura- 
tions  use  a  ground  electrode, sensor and  absorber  block 
shaped to fit nround  tlie outer diameter of the cable. The 
limitation  of  this  arrangement  is  that only  one  diameter 
cable can be  nleusured for a particular electrode size. Care 
has to be  taken  in assembling the apparatus  making sure 
that {i good acoustic contact is made between the cable and 
curved elrctrode. Otherwise, mismatching occurs resulting 
in spurious signals, which can cause incorrect interpretation 
of tlie output from the PEA. A modified structure as shown 
in Fig. 2:  adopting i1 flat ground electrode. has enabled the 
previously mentioned weaknesses to be overcome. Furthcr 
details of  the arrangement are given elsewhere [12]. 
The outer semiconducting screens at the two ends of the 
cable sample are sufficiently stripped back and removed to 
cnsure that  the  high  voltage can  be  applied  to the cable 
without  surface flashover. the  remaining section of semi- 
conducting  layer  is  part  of  the  outer  earthed  electrode. 
Stress relief rings are also built at the screen cuts to reduce 
the possibility of  failure of the  insulation over long term 
testing of the cable sample. 
3  Data processing 
3.1  Deconvolution of the raw data 
A  typical  output  waveform  from  the  device with  a  DC 
voltage applied  I and  assuming  it  is  devoid  of  any  space 
charge  except  for  the  surface charges  (indicated  by  the 
voltage peaks) on the electrode/sample interhces is shown 
in  Fig. 3rr. Any  space charge in  the bulk  would  alter the 
voltage peaks and give rise  to voltages at the positions of 
trapped  charge  shown  as  the  shaded  part  in  Fig. 3n. 
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However,  in  some  cases  the  frequency  response  of  the 
transducer and amplifier can cmse distortion of the output 
signal, which  can he  wrongly interpreted as space charge 
resulting  in  a  similar  waveform  to  that  in  Fig. 31.  To 
remove this  effect.  a deconvolution  technique  has  to  be 
employed to restore the original signal [7.  131. 
Fig. 3h shows the output signal with the removal of the 
distortion  due to the  system response and  represents the 
charge at the interfxes due to the applied voltage across the 
cable insulation. The small peak  to the right hand  of  the 
voltage peak at the inner electrode is caused by the acoustic 
wdve reflection at the interface of  the inner seniicoiiducting 
layer and the conductor. 
3.2  Geometrical factor correction 
3.2.1  Divergence of pulsed electric stress: Unlike 
the  plaque  samples  where  a  unifonn  electric  stress 
distribution  is assumed for the external pulse voltage, for 
the  cable  geometry  the  electric stress e,,  is  given  by  the 
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where U and bare the inner and outer radii of the insulation 
respectively and u,,(t)  the extemal pulse voltage. The PEA 
relies on the interaction  between  the pulsed  electric stress 
and the charge layer to launch a perturbation force. As  a 
consequence of the nonuniform distribution. the intensity of 
the acoustic pressure wave initiatcd from the interaction will 
depend  not  only  on the  charge  density  but  also  on the 
position. Thus the divergent distribution  of the pulse stress 
needs  to  be  taken  into  account  when  a  quantitative 
appraisal of  the space charge distribution  in cable samples 
is required. 
3.2.2  Divergence of acoustic wave propagation 
in radial direction: For simplicity, it is assumed that the 
length  of  the  cable  sample  is  much  greater  than  the 
insulation  thickness  and  the  material  along  the  axial 
direction  is  homogeneous.  The space  charge  distribution 
in  a coaxial geometry only changes in  the radial direction 
along which the external electric field is applied. Therefore 
the  acoustic pressure wave  representing the  space charge 
density variation in this direction is  also a one-dimensional 
distribution and is  a radial-position-dependent rtinction. In 
this case the wave equation can be  expressed in cylindrical 
co-ordinates as [I41 
where b(t>  r) is  the  velocity  potential  of vibration  in  the 
medium,  and  U,,,  is  the  velocity  of  the  acoustic  wave 
propagation in the cable insulation. The solution of (2) is 
(3) 
4(rr cl  ~  -ei(zr-ozO  A 
4(f:  ,.)  =  Lejk(v-w)  (4) 
J;I 
where k =  w/u,.  the wave number, therefore 
fi 
where w is the angle frequency of the acoustic wave w  =  Zrrf; 
and A is a constant determined by the boundary conditions. 
Thus,  the  pressure  wave  per  unit  area  at  position  r  is 
expressed as [I41 
where y is the density of medium in which the acoustic wave 
is  launched  and  travels.  This  equation  describes  the 
propagation  of  acoustic  wave  in  an  elastic (or  lossless) 
medium  in  the  radial  direction  within  a  cylindrical  co- 
ordinate system. According to this equation. the intensity of 
the pressure wave generated by the space charge layer inside 
the Gible insulation will decrease along the radial direction. 
This factor or ratio can be hest described by 
where p(t, r)  and /I(/ +  At, b)  are the acoustic pressure wave 
intensities produced  at radius r  and detected at the outer 
sheath b after transmission through the insulation, dr is the 
time for the acoustic pulse travelling from position  r to b. 
Any  divergcnce  in  the  outer  semiconducting  layer  is 
neglected. 
3.2.3  Correction  for  geometric  divergence: Di- 
vergent effects due to cable geometry can be easily explained 
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in the following wxy. Assuming that there are two charge 
layers  with  the  same  densities  at  the  inner  and  outer 
insdation/electrode  interpaces, the  acoustic  pressure  pro- 
duced at the inner interface will  be (b/u)  times greater than 
that  at  the  outer  interface  because  of  the  divergcnt 
distributioii  of  the  pulse  electric  stress.  Moreover,  the 
detected  pressure wave  at  the  outer interface. originating 
from the inner interface, becomes (u/b)"' times less owing to 
acoustic transmission divergence. So the resultant effect of 
the  two factors will falsify the charge density at the inner 
intcrface  by  (b/u)"'  times  greater  than  that  at  the  outer 
interface.  For  a  cable with  its  outer radius  of  insulation 
heing  twice  the  size  as  the  inner  radius,  the  qossible 
difference introduced can be as high as 40% ((b/u)'"- 1.4). 
Thereforc  these  factors must  be  taken  into  account  if  an 
accurate space charge  profile  is  required.  Practically, the 
signal after the deconvolution is corrected by  the geometry 
factor (/~/r)"*. 
3.3  Attenuation and dispersion compensation 
of propagated acoustic wave 
For a cable sample. the pressure wave produced by a space 
charge  layer  at the  inner  conductor  will  be  considerably 
attenuated in masitude and its shape altered as it travels 
through the dielectric inateiial to the outer screen. In a lossy 
and dispcrsive medium, i.e. a polymer, the higher frequency 
components of the acoustic wave will attenuate and disperse 
to a greater extent than the lowcr frequencies. This results in 
a decrease and broadening of the peak voltage output from 
the piezoelectric transducer. 
Assume  a  plane  pressure  wave  propagates  through  a 
solid specimen and its wave solution in  an ideal medium is 
given as 
P(h)  =  puei(~u~-~~l  (7) 
For an ideal  medium the  pressure wave  velocity  U,,  is  a 
constant and k a real numbcr.  111 a real system, e.g.  a lossy 
and  dispersive  medium,  it  is  suffice to replace  the  wave 
number k  by  its coniplcx  generalisation kQw) [15],  where 
k(jw)  =  [f(w)-jx(w)>  yielding  the  wave  propagation  in  a 
viscoelastic medium 
,,(r,x) = meJi-.~-Ki~~).~l  -  Me-rr  ib-lkl  e 
a(u) and  P(o) are defined  as  attenuation and  dispersion 
factors and are the functions of w. It is seen that the plane- 
wave intensity decreases (.\->(),  a>O) during  its propapa- 
tion. The decay rate is frequency dependent and governed 
by the imaginary part of the wave number  a(w). Now the 
wave vclocity is given by 
(8) 
~ 
US~(W)  =  m//l(w)  (9) 
thus the velocity is also frequency dependent and govemed 
by  the  real  part  of  the  complex wave  number.  In  other 
words, in a lossy and dispersive system the acoustic pulse 
decreases  in  magnitude  due  to  the  attenuation  and  is 
broadened  since  the  different  harmonic  components 
propagate at different velocities. 
Using  the  Fourier  transfonn.  for  a  coaxial  cable 
geometry (8) is transformed into 
P(~,  .)  =  P(~,  u)e-~(~~)(~-~l~-j~("~)(~-")  (10) 
where P(w,u) and P(u,r)  are the Fourier transforms of the 
acoustic wave at U and I'; respectively. r varies from U to b. 
From  (IO)  the  attenuation and  dispersion factors can be 
determined by the given acoustic wave profile at two known 
positions,  e.g.  at  the  inlier  (r=u) and  the  outer  (r= b) 
insulation/electrode  interfaces  of  the  cable  insulation. 
However,  the magnitudes  of  the two  induced charges at 
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proportional  to the applied electric stress. Considering the 
geometric divergence of  the externally applied  DC stress, 
which  will  be  discussed  in  the  following  Section,  the 
pressure wave intensity at the outer interface is  times 
of that at the inner interface. Therefore this ratio has to be 
taken into account for the acoustic wave initiated from the 
inner surface charge layer. The attenuation and dispersion 
factors are detennined from the following equations: 
Hence, the transfer function of thc acoustic wave through 
the cable insulation is 
This transfer function is  used  in the frequency domain to 
compensate for the attenuation and dispersion during the 
acoustic propagation  at various  positions  of  Y.  Thus the 
actual acoustic pressure profile along the cable insukation 
may be  obtained by  the inverse Fourier transfomi. 
Fig. 4  shows the  resultant  signal before  and after  the 
attenuation  and  dispersion  compensation.  Two  peaks, 
which are selected bctween the two pairs of vertical cursors 
in  Fig. 4u, are  used  to  calculate  the  attenuation  and 
dispersion factors. Fig. 4b shows the space charge distribu- 
tion for the given applied voltage after the attenuation and 
dispersion  correction  factors  have  been  applied.  The 
amplitudes of  the two peaks now  are consistent with the 
extemally applied interfacial electric stresses. 
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4 
calibration 
As  the  PEA  technique  is  an  indirect  method  of  the 
measurement  of  the  space  charge  distribution  in  the 
dielectric material, the relationship between the piezoelectric 
transducer  output  and  the  charge  density  has  to  be 
determined  using  a  Calibration  procedure.  A  sufficiently 
low voltage is applied across the cable insulation for a short 
period of time which eiisures no space charge is developed 
in  the  insulating  bulk.  The  only  charge  present  is  the 
induced surface charge at the inner and outer  insulating/ 
electrode interfaces duc to the applied voltage across the 
insulation. as shown in Fig. 3b. The induced chai-ge at the 
inner and outer electrodes is directed proportional  to  the 
electric stress at the interface, i.e. 
Interfacial stress used for space charge density 
.(a)  =  CU&,.E(fl)  (14) 
o(b)  =  Eue,E(b)  (15) 
where  Q  is  the  pennittivity  of  free  space,  the  relative 
permittivity of  the  insulating material,  E(u) and  E(0) the 
electric stresses at the  two  interfaces, respectively. For a 
fixed pulse voltage and for a given material, the peak height 
or the area under each peak of  the electrical output signal 
from the PEA system is proportional to the charge density 
at the electrodes. Knowing the actual charge density at a 
given interface, the constant of proportionality between the 
output  of  the  PEA  system  and  charge  density  can  be 
determined. 
It is  known that the electric field distribution in an AC 
cable  is  dependent  on the  capacitance  (or  permittivity). 
while  in DC cables is  govemed by  the conductivity of the 
insulating material. The variation  of  dielectric pemiittivity 
with  either the  temperature or electric stress is  normally 
insignificant. In contrast, the conductivity is  dependent on 
thc temperature and to a lesser degree the electric stress. The 
reason for  these dependences is  still not  fully  understood 
and infoniiation  is  of an empirical basis and  no physical 
interpretation is available. Thus it is difficult to predict the 
electric stress distribution across the cable insulation under 
DC conditions with the accuracy that can be achieved for 
AC cables [16].  As  a result of  the conductivity dependence 
with temperature and electric stress, in a fully loaded DC 
power cable, the maximum electric stress will he at the outer 
semiconducting screen rather than at the conductor. Even 
without  the  temperature  gradient  across the cable insula- 
tion, as is  the case with the present  study which is  being 
carried out at ambient temperature, the electric stress may 
also  be  influenced to  an unknown  extent  by  the  non- 
unifonnly  distributed  electric  stress  itself  in  the  coaxial 
geometry  due  to field  dependent  conductivity  0.  These 
characteristics, mainly limited to  the  oil-paper  insulation, 
had been qualitatively analysed or described by an empirical 
fonnulae [16-20]. Studies to date reveal that data on the DC 
electric stress distribution in polymer-insulated power cables 
are  very  limited.  It  has  been  reported  [21-24]  that  the 
conductivity  in  polymeric  materials  can  be  expressed 
empirically as 
U = u&EP  (16) 
uo is  the  conductivity  of  dielectric  material  at  reference 
temperature, n andp are the temperature and electric stress 
coefficients  of the material. Tis the temperature and E is the 
electric stress. The derived electric stress at a distance Y from 
the centre of a cable conductor is given by 
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the temperature difference across the cable insulation.  U is 
the applied voltage. However, the constant 6 in (17) given 
by Liu  [21]  and  McAllister 123.  241  is  2/3  and  that  by 
Tanaka 1221, lj2 for XLPE without a temperature gradient. 
Consequently the electric stress profiles  obtained for these 
two S values are significantly different. The ratio between 
the electric stress at the inner and outer electrode will be (bl 
a)’/?  and @/a)’”,  respectively. It means that using 2/3 as 
suggested by  Liu  and McAllister will  give a  more evenly 
distributed electric stress across the cable insulation. As  a 
result the calibrated space charges at the inner  and outer 
electrode  interface  become  closer  in  magnitude  (251. 
Obviously they  both differ from the normal electric stress 
distribution derived for the AC case, Le. 
pj  pj 
U 
E(r)  = __ 
r In(b/u) 
pJ 
No matter which expression, (17) or (IQ  is used, the effect 
of the electric stress on the insulating material conductivity, 
the electric stress distribution in DC  cable tends to be more 
uniform across the insulation. This is a favourable condition 
for DC cable design, However, the issue here is what value 
IS  used  for  the  interface  stress  to  determine  the  charge 
density  in  the  calibration  procedure.  In  view  of  the 
complexity  of  the  problem,  the  method  (or  6  value) 
suggested by  Tanaka  et  a/ [22] has  been  adopted  in  this 
paper  to calculation the  electric stress distribution in  the 
polymer insulation of a DC power cables when it is void of 
space charge. Thus the electric stress at the outer electrode/ 
insulation interpace is calculated from 
U 
2&(&-  4 
E(b)  = 
The  attraction  of  using  the  electric  stress  at  the  outer 
electrode is that  a relatively small amount of attenuation 
and dispersion of the acoustic wave occurs at this point. 
Similarly,  the  stress  at  the  inner  semiconducting  layer 
surface has the form of 
U 
2&(&  -  J7;) 
E(a) = 
and 
E(b)/E(a)  = m  (21) 
Tljerefore, the factor &%  is used in (1 1) to correct for the 
attenuation  of  the  acoustic signal through  the  insulation 
medium. 
Although the calibration procedure based on the electric 
stress  determined  by  6= II2  is  to  some  extent  an 
approximation,  it  is  the  first  time  that  the electric  stress 
distribution Factor in DC cable has been considered in cable 
space  charge  measurements.  If  a  more  precise  charge 
distribution  is  required,  S  values  would  need  to  be 
determined by  a series of conductivity measurements. 
5  Electric stress calculation 
The  method  to determine the  electric stress distribution 
across the cable insulation due to the extemal applied field 
and that as a consequence of the trapped charge in the bulk 
insulating material has been described in detail in an earlier 
paper 1261.  Because of  the limited spatial resolution in the 
space charge profile through the insulation, there are some 
errors  introduced  into  the  electric  stress  distribution 
calculations.  Owing  to  the  superposition  of  the  large 
induced charge associated with the applied stress onto any 
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relatively small amounts of accumulated charge close to the 
interfaces, the accuracy of the trapped charge density profile 
in the vicinity of the electrodes may be affected. Davis  et a/ 
[27) proposed a method of calculation for the electric stress 
in planar samples to overcome the foregoing problems that 
can be applied to cable geometries. 
The  space  charge  profile  with  the  extemal  voltage 
removed after electrically ageing the cable sample at 80 kV 
for 60minutes is shown in Fig. 5. The only charge present is 
that  in  the  bulk  and  its  image charges  at  the  electrode 
interfaces. The magnitude of the  charge density near  the 
electrodes (o to d)  and (o to 0’) are not accurate because of 
the influence of the induced charge at electrode interface. 
However, over the region (d to c) the charge density profile 
is  considered  reasonable.  The  integration  of  the  charge 
density over this region, expressed in (22), will give a correct 
electric stress distribution attributed purely by the presence 
of the space charge [25]. 
P 
5  .0.5 
-1.0 
012345678 
position, mm 
Fig. 5  Charge dmiy  profrlr (wiih r;oh  offl 
The  electric  stress  E,  and  Eh at the  interfaces can  be 
determined from the peak height of  the output waveform 
[26].  Knowing the electric stresses at the interfaces and the 
stress in the middle of  the sample and by  extrapolating a 
line  from  c  to E,  and  d  to Eh using  a  higher  degree 
polynomial, the electric stress over the thickness (0-0‘)  of 
the cable sample can be  mapped as shown in Fig. 6. The 
constant of integration C in (22) can be calculated from the 
‘equal energy’ principle i.e. the area under the applied stress 
being equal to the one under the modified stress due to the 
presence of space charge in the bulk of  the cable sample. 
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Sample of XLPE cable with the inner and outer insulation 
radii 6.7 and 10.3nlm was subjected to electric stress and 
voltage reversal tests at ambient temperature. The designed 
operating stress of the sample under ac condition is about 
10 kV/mm. The charge density and electric Stress distrihu- 
tions for the different test conditions were determined from 
the PEA measurements. 
The cable sample was  initially subjected to  a  +  80 kV 
direct  voltage  applied  to  the  central  conductor.  In  the 
experiment it was noticed that the charge generation slowed 
up  after  80minutes  so  the  test  was  terminated  after 
90minutes.  The  space  charge  distributions  at  different 
ageing times are shown in Fig. 7. Clearly. heterocharge has 
gradually accumulated close to the two electrodes with the 
charge build-up being larger near the outer electrode. 
The voltage was then reversed with the negative polarity 
applied to the central conductor and the voltage ramped up 
to -80  kV within ahout 40 seconds to allow enough time to 
carry out the measurements at different voltages. Prior to 
the  application  of  the  negative  voltage,  the  central 
conductor and  the outer sheath was short-circuited for a 
short  period  of  time for  the  reledse  of  the surface static 
charge. 
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The space charge response to the voltage polarity reversal 
and the voltage ramp is  presented in  Fig. 8  in  which the 
accumulated  charge,  particularly  the  charge  close to  the 
outer electrode (peak  h). has not  altered.  As  a  result  the 
induced  charge  at  the  outer  electrode  (peak  a)  was 
significantly suppressed  by  this  stable  hulk  charge.  The 
observation was also made  that,  due to its relatively low 
magnitude  and  closeness  to  the  inner  electrode,  the 
heterocharge was gradually neutralised by the newly formed 
heterocharge in the sdme region. 
Over the period of 90minutes at -80  kV the charge close 
to the outer electrode was slowly neutralised and a packet 
charge  with  similar  magnitude  hut  opposite  sign  was 
developed, as shown in  Fig. 9. It is also noticed that  the 
heterocharge near the inner electrode has built-up relatively 
quickly. 
The formation of heterocharge in the cable is believed to 
be  a result of the residual crosslinking hyproducts.  Under 
the influence of  the applied electric stress, ionisation takes 
place with positive charge moving towards the cathode and 
negative charge towards the anode. It takes time to reach 
equilibrium due to  the  low  mobility of  the  ionic charge. 
When the applied voltage is  reversed, initially, the charge 
distribution in the hulk of the cable remains the same, and 
then  is reduced  due  to the  neutralisation  of  the existing 
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charge with the newly formed charge. Finally, it reaches a 
new quasiequilibrium state under the applied voltage. 
The  electric  stress  distribution  before  and  after  the 
voltage polarity reversal was estimated using the  method 
described in Section 5, and the results are plotted in Fig. 10. 
Due  to  the  presence  of  large  heterocharge  after 
90minutes of  stressing at  +SOW, the interfacial stresses 
at the  outer and inner interfaces have  increased from  its 
applied  values 20.5  and 25.3 kV  to  30.3 kV  and 27.3 kV, 
respectively, noting  that  the  stress at the  outer  sheath  is 
higher than that at the inner electrode. On the other hand_ 
the  electric  stress in  the  central  region  of  the  insulating 
material is reduced from -22  to -  18 kV/mm. 
1 
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IEE Proc.-Sci. Mc'zs.  TedwoL. Vol. 1.50,  No. 2. hlarclr 2W3 
Authorized licensed use limited to: IEEE Xplore. Downloaded on December 11, 2008 at 06:26 from IEEE Xplore.  Restrictions apply.When the external applied voltage is reversed, initially the 
electric  stress  in  the  central  part  of  the  insulation  is 
significantly  enhanced  from  -IS  to  about  -30  kV/mm 
because of  the contribution of the previously accumulated 
space  charge.  This  is  the  region  where  negative  charge 
initiated  and  developed in  the  subsequent  ageing period 
under  the  reversed  voltage.  After  a  certain  period  of 
stressing, the stress in this region reduces to  -15 kV/mm due 
to the new heterocharge accumulation. Because of its slow 
response to the external voltage, the previously accumulated 
heterocharge  in  the  voltage  polarity  reversal  becomes  a 
homocharge,  thus the electric stress at the outer interface 
reduced from 30 to -  10 kV/m  and from 27 to -20  kV/ 
mm  at the inner interface, respectively. After the stressing 
period with a negative voltage the interfacial stresses at the 
outer and inner electrode are enhanced to -30  and -27  kV/ 
mm due to the build up of heterocharge which has a similar 
shape and magnitude but of opposite sign to that when a 
positive voltage applied. 
It  can  be  seen  in  Fig. 9  that  the  negative  hetero- 
charge,  adjacent  to  the  outer  electrode, did  not  initiate 
from the region close to the interface, but from the central 
part  of  the  cable  insulation.  This  heterocharge  moved 
towards the outer electrode with ageing time. This can be 
explained  in  terms  of  the  electric  stress  enhancement 
in  the  central  part  of  the  insulating  material  after  the 
voltage  reversal  due  to  the  previously  aCCumUkated 
heterocharge. As  noticed in  Fig. 8, heterocharge generated 
under  positive  voltage  is  fairly  stable  and  the  charge 
variation  or  redistribution  significantly  lags  behind  the 
voltage  change.  As  soon  as  the  applied  voltage  was 
switched to negative, these charges will enhance the electric 
stress  in  the  central  part  of  the  insulation,  causing  the 
reduction  of  interfacial stresses.  The new  packet  charge 
(negative) initiated from  the  central  material  due  to  the 
higher  stress  started  to  neutralise  the  previously  formed 
charge as it moved toward the outer electrode, In the mean 
time,  the  interfacial stress would  also  gradually  increase 
because of new charge approaching from the centre of the 
insulation. 
7  Conclusions 
We have presented a technique using the PEA method to 
estimate the space charge and the electric stress distributions 
in polymeric insulated power cables operating under  DC 
voltages. The  modified PEA  system has been  introduced 
which adopts a flat ground electrode and makes the space 
charge measurement in the coaxial geometry cable samples 
much easier. By taking into account the divergence of the 
voltage pulse and the divergence of the acoustic wave (due 
to  the  cable  geometry)  across  the  insulation,  and  the 
attenuation/dispersion  of  the  acoustic  wave  through  the 
insulation, a  more accurate space charge distribution  has 
been obtained. 
By  way  of  a  demonstration  of  the  data  processing 
methods developed, space  charge measurements  and  the 
resultant  electric  stress  profile  for  a  commercial  XLPE 
power  cable  under  DC  operating  conditions  have  been 
presented. The sample was initially subjected to a positive 
polarity voltage at the central core, electrically stressed and 
then  subjected  to a  negative polarity  voltage. The space 
charge evolution over the stressing period shows satisfactory 
results in terms of accuracy in charge density and position 
resolution. The formation of heterocharge is believed to be 
associated with ionisation of the residues of the crosslinking 
byproducts. The electric stress distribution estimated from 
the  space charge profiles show a  significant effect of the 
IEE Proc.-.W  rWrus.  Tedzaol. Vol. 150. rvo.  2, Morih 2*M 
voltage polarity reversal operation. The maximum electric 
stress  can  occur  any  where  in  the  material  in  the 
combination  of  heterocharge  formation  and  polarity 
reversal operation. 
8  Dedication 
It is sad that Prof. Tony Davies is no longer here to share 
our joy for the publication of the manuscript. Let the paper 
be dedicated to the memory of Prof. Tony Davies. 
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